Introduction
The recent application of fluorescent nanoparticles (NPs) such as quantum dots, dye-doped NPs and rare earth-based NPs in biomedical sensing and imaging has become a major issue of research during the last years. Although a wide range of diverse photoluminescent NPs have been developed from new materials, an increased concern about their potential environmental and human health toxicity exists.
1 Moreover, some NPs-associated drawbacks like the modification of their surface for a particular function imply highly time-consuming processes.
At the moment, one of the most attractive NPs are Carbon dots (Cdots), which have recently had a major relevance in analytical and bioanalytical chemistry mainly due to their excellent luminescent properties and elevated biocompatibility as well as their low cost synthesis. 2 However, although these Cdots are very promising NPs in nanotechnology and nanobiomedicine, more research needs to be done either to investigate their potential for sensor development or to identify novel synthesis approaches. In addition, Cdots show size dependent photoluminiscence and upconversion luminiscence properties leading to anti Stokes type emission.
3
Many different approaches have been presented until the date to synthesize Cdots. They are based on two routes, top-down and bottom-up methods. The top-down methods prepared from larger carbon materials (graphite, carbon nanotubes, carbon soots, activate carbon), using arc discharge, laser ablation or electrochemical oxidation. 4 The bottom-up routes synthesizes
Cdots from molecular precursors combustion, thermal decomposition, acid dehydration, ultrasonic or microwave pyrolysis. 5 However, most of these synthetic approaches present poor reproducibility, which leads to obtain Cdots with different optical and electronic properties in the diverse batches performed. In this sense, microfluidic systems can offer some advantages when synthesizing nanoparticles. They permit a proper control of some critic synthetic variables such as the mass and temperature transference due to the small dimensions of the fluidic channels, which are on the contrary, difficult to manage in conventional methods. Moreover, the addition of reagents can be computer-controlled, which permits varying as desired flow rates or injection volumes to obtain products of reactions of different characteristics as well as confers safety to the operator. On the other hand, the easy and fast modification of the hydrodynamic parameters permits performing many different reactions in a short time, which considerably simplifies the optimization process for the synthesis of nanomaterials. All this leads to obtain uniform and well dispersed colloids in a reproducible way, namely with the same Herein, we synthesize Cdots in a microfluidic system composed of two modules, one for microfluidics and another for heating and temperature control. A proper optimization of the chemical and hydrodynamic parameters has been performed in order to obtain stable and well-dispersed Cdots. As far as we are concerned, no microfluidic approach has still been reported for synthesizing Cdots. The optical properties of the obtained Cdots have been used for the development of a fluorescent sensor for pH detection using UV and NIR excitation sources. Additionally, due to color changes of Cdots by using a photograph digital camera and Hue (H) parameter, the visual detection of pH was possible. Finally, the cytotoxicity and permeability of the NP in human embryonic kidney cells have been also studied to demonstrate their suitableness as sensors or labels in biomedical applications by bioimaging.
Experimental

Microsystem materials and components
DuPont 951 green tapes (DupontTM, Germany) were used to fabricate both the microfluidic and the heating modules. DuPont 5742 gold cofirable conductor paste was required in order to perform the screen-printing step for the construction of the heating platform, since the gold paste acts as the resistor. DuPont 6141 paste was used to fill the vias of the heating platform. For the control of the temperature, a class A PT100 temperature sensor was preferred (Innovative Sensor Technology, Switzerland). The sensor was glued in the bottom of the heating module by means of epoxy (EPO-TEK ® H20E, Billerica, MA, USA), and a PIC18F4431 microcontroller (Microchip Inc., Arizona, USA) was used to accomplish the digital PID control system, which controls the temperature as desired.
Involving the flow system, a 10 mL syringe (Hamilton series GASTIGHT 1000 TLL, Bonaduz, GR, Switzerland) was required, where reagents were placed for their injection in the microfluidic system by means of a syringe pump (540 060 TSE systems, Bad Homburg, Germany). To complete the fluidic system, PTFE tubes (i.d. 0.9 mm) were used between the syringe and the microfluidic platform; and o-rings and conic PTFE cones were used for their connection. 
Instrumentation
pH measurement procedure
The pH of 2 mL of Cdots solutions was regulated by adding different volumes of required concentrations of HCl or NaOH and measuring it with a pH meter. The fluorescence spectra and the image capture with a digital camera were recorded at different pH values.
Image acquisition and treatment for colorimetric pH determination
For the image acquisitions and digitalization a Canon PowerShot G12 (Madrid, Spain) was used. To keep all the image-gathering under the same conditions a Cube Light Box was developed. The vials with 2 mL of Cdots are located inside the box, so they are exempt from external light. The only light source is formed by a LED (Light-Emitting Diode) system with direct current. All parameters of the camera were set and optimized. The vial position was fixed for all experiments. The obtained images were stored in TIFF (True Image File Format) file format to prevent any loss of information since it does not compress the image. To extract the hue parameter from each sensing element in the scanned image, software developed by the research group in Matlab was used. H coordinate was calculated from the R, G and B coordinates of each pixel using eq. 1. The H value, determined for each sensing element, was the mode of the hues calculated for all the pixels in the solution, since this parameter provides a low error during the image processing.
* if H is less than 0 then add 1 to H (eq. 1)
Cell culture
Human embryonic kidney HEK293 cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10 % fetal bovine serum, 2 mM L-glutamine and 1 % penicillin-streptomycin solution at 37 °C with 5 % humidified CO 2 . Cells were plated at 20000 cells/well onto glass bottom petri dishes previously coated with 10 g mL -1 poly-L-lysine.
After 24 h in culture, cells were incubated for 24 or 48 h at 37 °C with different concentrations of Cdots (0.1, 0.2, 0.4, 0.6, 0.8, 1 mg mL
) dispersed in complete culture medium.
Cytotoxicity assay
In vitro proliferation assay compared the growth rate of HEK293 cells by 3-(4,5-dimethyl-1,3-thiazol-2-yl)-2,5-diphenyl-2H-tetrazol-3-ium bromide (MTT) after plating 2x10 4 cells/well on a 96-well flat-bottom plate for 24 and 48 h at 37 °C in 5 % CO 2 . MTT (5 mg mL -1 ) reagent was added to each well and incubated for 4 h at 37 °C. Thereafter, 150 mL/well of 100 % DMSO were added, mixed thoroughly to dissolve the dark blue crystals and plates were subsequently read on an ELISA reader at a wavelength of 570 nm.
Fluorescence microscopy
Fluorescence measurements were performed with a Zeiss (Oberkochen, Germany) Axiovert200 inverted microscope fitted with an ORCA-ER CCD camera (Hamamatsu, Bridgewater, NJ) through a 20x air objective. Nanoparticles were excited at 360/380 nm using a computer-controlled Lambda10-2 filter wheel (Sutter Instruments, Novato, CA), and emitted fluorescence was filtered with a 440/535 nm long-pass filter. Images were processed with Image J software.
Results and discussion
Design and fabrication of the microsystem
The microsystem for the synthesis of Cdots was based in two separate modules: a microfluidic platform and a heating module with temperature control. The general fabrication procedure of ceramic microsystems is detailed elsewhere. 10 Since the LTCC technology is a multilayer approach, the final design of the device has to be divided in different layers in order to create the partial design by means of computer-assisted design (CAD) software. In this step, it has to be taken into account the ~15 % shrinkage on each axis of Dupont 951 green tapes during the sintering process. Once the design is done, laser machine (LPKF Protolaser 200, Garbsen, Germany) transferees the diverse patterns to different layers. Next step in the construction of the device involves the screen-printing of those layers that require conductive pastes. In this case, this step was necessary in the layers which composed the heating platform (resistor and vias to connect the tracks). The heater was conceived in base of a gold paste screen-printed resistor, which was deposited in a radial configuration. Then, the slabs are aligned in aluminium plates using fiducial holes and laminated by a thermocompression process at 100 ºC and 3000 psi. The LTCC layers are finally sintered in a programmable box furnace (Carbolite CBCWF11/23P16, Afora, Barcelona, Spain) by applying a temperature profile. As explained before, two different modules were preferred to carry out the synthesis of carbon dots, which were mechanically, attached taking care of obtaining the best contact between them. In this way, if one of the modules has to be modified, it can be replaced without changing the other one. Both modules were designed and constructed based on a previous microsystem. 9 The fluidic platform had one inlet for the entrance of reagents followed by a simple Z shape channel to increase the residence time of reagents inside the microsystem and allow their thermal conditioning, and one outlet from where the Cdots formed leave the system. The Z shape fluidic structure was constructed in a circular shape in order to make it coincide with the resistance of the heating module. Moreover, the channel for reagents was constructed in only one layer of ceramic substrate, since deeper channels could generate no uniform thermal patterns thought the solution. All this contributes to obtain a well controlled heat transfer from the thermal platform to the liquid flowing in the microfluidic platform, which ensures the optimal and uniform formation of carbon dots thought the microsystem. 11 As it can be observed in Fig.1 , the whole module consisted on 7 ceramic layers, which once sintered formed a block of 6.0 mm diameter and 1.4 mm thick. An image of the different layers that compose both the fluidic and the heating platforms is depicted in Fig. 1 . To make feasible a proper control of the temperature, a class A PT100 sensor was attached by means of epoxy in the reverse of the bottom layer, taking care of positioning the sensor in a central zone of the resistance. Electronics for temperature control is detailed elsewhere. 9 Briefly, a temperature controller with a digital PID topology was implemented on a PIC18F4431 microcontroller computer controlled. An electronic circuit maintained a constant intensity in order to avoid interferences with temperature measurements due to self-heating, and amplified the control signal generated by the PID controller. The system estimated the error from the PT100 sensor thought the obtained feedback signal and corrected it by specific differential equations programmed in the digital PID control system implemented in the microcontroller code. Then, the signal was amplified and applied to the gold resistor. The system was programmed to work from 150 to 250 ºC. Heat transfer in the thermal platform exhibited a radial distribution, and it was found to provide the temperature desired in the fluidic system, since the sensor is located at an equally distance than the microfluidic structure. 
Synthesis of Cdots
For the synthesis of Cdots, ascorbic acid (Panreac, 99 %) was chosen as a simple and low cost source of carbon, and dimethyl sulfoxide (DMSO) (Baker Chemical, 0.3 % water) was preferred as solvent due to the high temperatures that this compound can bear. In order to obtain controllable and reproducible carbon dots, an optimization of certain parameters of the microsystem is required. The optimized values were determined as a function of the maximum fluorescence intensity recorded with a spectrofluorometer, since the synthesized Cdots are pretended to be used for sensing and bioimaging applications. As in many other nanoparticle syntheses that involve the decomposition of reagents, temperature plays an important role. Thus, the first parameter to study was the reaction temperature.
Since ascorbic acid has a melting point of 188 ºC, six different temperatures around this value (180, 190, 195, 200, 210 and 240 ºC) were chosen. The concentration of ascorbic acid and the flow rate were fixed to 0.1 mg mL -1 and 20 µL min -1 respectively. As it can be observed in Fig. 2 , only weak fluorescence intensity was observed from the Cdots synthesized at 180º C, which indicates the poor formation of the nanoparticles under the ascorbic acid melting point. A clear improvement is observed when performing the reaction in the same conditions but increasing the temperature over this threshold. On the other hand, from 190º C until 240 ºC the fluorescence intensity remained practically constant. The small decrease observed is probably due to the decomposition of the solvent (boiling point of 189 ºC), which generates gaseous species such as SO 2 . 12 Thus, 190 ºC was preferred as the optimized value for temperature to perform the synthesis. All the fluorescence emission spectra of recorded Cdots exhibit the same maximum peak, located over 420 nm. The concentration of ascorbic acid was also studied. Four different concentrations were evaluated (0.1, 0.2, 0.3 and 0.4 mg mL -1 ), while temperature was fixed to 190 ºC and flow rate to 20 µL min -1 . As shown in Fig. 2 , the concentration that provided higher intensity of fluorescence in these conditions was 0.2 mg mL -1 , and thus, this value was selected for further optimization. Finally, the flow rate of reagents in the microfluidic system was evaluated, while the rest of parameters were fixed at the optimized conditions (a temperature of 190 ºC and an ascorbic acid concentration of 0.2 mg mL . As presented in Fig. 2 , the more slowly the liquid flowed in the system, the higher fluorescence was achieved. This was in concordance with the fact that the time that reagents spend in the microfluidic system determines the reaction time for the formation of the colloids. This is a critical variable, 13 and, in this work, a 10 µL min 
Characterization of Cdots
Cdots synthesized in the microsystem were dialyzed against Milli-Q water using spectra/pro dialysis membrane with cut-off of 1 KDa for their purification and characterized by several techniques. The core and shape of the nanoparticles were defined by Transmission Electron Microscopy (TEM). Fig. 3A shows a TEM image, where monodispersed spherical carbon dots can be observed. The average size found was of 3.3 ± 0.3 nm from the counting of more than 250 particles, which demonstrates the synthesis reproducibility of the microsystem. HRTEM (HighResolution Transmission Electron Microscopy) images (Fig.  3B ) revealed crystalline nanoparticles, as was also probed by the clear ring structure of the selected area electron diffraction (SAED) pattern image. Lattice planes with 0.18 nm spacing were found in the crystalline images from the colloidal, which is consistent with the (102) diffraction planes of sp 2 graphitic carbon. 14 The bright rings observed in the SAED pattern can be attributed to (100) and (102) lattice planes of graphite (inset Fig. 3B ). FTIR spectrum of Cdots showed the typical bands of stretching vibrations of O-H at 3400 cm -1
, ester group at 1780 cm -1 and C=O at 1622 cm -1 . X-ray diffraction (XRD) pattern displayed a broad diffraction peak at 2Φ = 20.5º. Different Zeta potential values were obtained for the synthesized Cdots, varying from acid pH (8 mV) to basic pH (-14 mV), which confirms the presence of carboxyl groups on the surface of the nanoparticles. Cdots exhibited excellent water solubility and blue luminescence under UV excitation light (365 nm). Using quinine sulphate as standard, the fluorescence quantum yield was found to be 2.6 %, which is comparable to previous reports.
To further explore the optical properties of Cdots, a detailed fluorescence study was performed using different excitation wavelengths (Fig. 3C) . It is remarkable that these Cdots also exhibit good upconversion fluorescent properties besides their strong luminescence in visible under NIR excitation sources. Fig. 3C shows the fluorescent spectra of Cdots excited at 325 nm with emission in the range of 360-500 nm (see Fig. 3C blue), and excited by longer wavelength light (maximum intensity with 850 nm excitation, see Fig. 3C red) with the upconversion emissions located in the range of 450-600 nm. Therefore, these results suggest that Cdots may be used as a powerful component in biological applications as well as an appropriate sensor design for environmental applications. 
Sensing applications
It is already known that Cdots are pH sensitive. Indeed, diverse works can be found in the literature which describes the sensitivity of Cdots to pH depending on their external composition (carbonyls, amines, hydroxyls, esters, etc.) . In particular, a previous study showed that Cdots synthesized from ascorbic acid pyrolysis were capable to detect small pH changes by colorimetry or fluorimetry. 5c Namely, the intensity of fluorescence change with protonation and deprotonation of the carboxyl groups of the surface Cdots cause electrostatic doping/charging to Cdots and shift the Fermi level. Similarly, the color of the Cdots solutions change with pH cause electronic changes of π-π* and n-π* by refilling or depleting their valence bands. Since the obtained Cdots have the same matrix, it is expected to find the same behavior and therefore, one can take advantage to go forward on their application as pH sensors.
FLUORESCENT SENSOR FOR PH. The influence of pH on the synthesized Cdots in the range pH 2-11 was studied. The results showed that the maximum fluorescence emission (420 nm) of the Cdots at 325 nm excitation decreased linearly as the pH increase from 4.5-11.5 (Fig. 4A) , and same results were obtained by excitation at 850 nm and emission at 505 nm ( Fig  4B) . The good emission fluorescence presented at 400 or 505 nm by the Cdots over a wide range of pH (4.5-11.5) makes them of a valuable use for future biological applications.
In order to test the reversibility of the proposed nanosensor, the pH of Cdots was changed from 5 to 10 and back to 5 four times, and the fluorescence by down and upconverting excitation emission values in all cases. The results confirmed the good reversibility of the nanosensor (see Fig. 4C ). The relative standard deviations were less than 5 % for the five measurements.
COLORIMETRIC SENSOR FOR PH.
Once observed the change in the intensity color of Cdots with pH, it is reasonable to use these properties to determine pH by measurement of color from captured images by camera. By far, the most commonly used color space is RGB, the coordinates of which are used for processing with multivariate techniques. However, we used the HSV color space in this work, whose main characteristic is that it represents useful information about the color in one single parameter, the H coordinate. Previous studies from the research group have shown that the use of H value is stable, simple to calculate, and easy obtained from commercial devices, maintaining a superior precision with variations at reagents colorimetric concentration, detector spectral response and illumination.
16 Figure 5 . A) Colorimetric response of Cdots in the pH ranges from 1.5-13. B) Linear range for pH colorimetric detection.
As seen in Fig. 5A , the effect of pH on Cdots color is reflected by a shift from grey colors corresponding to acid pH values, yellow-orange color associated with medium pH values, and to brown color related to more basic pH values, which can be also easily observed by eye. The relationship between the analytical parameter H and pH was adjusted to a sigmoidal fit using a Boltzmann type equation, giving an apparent pKa value of 6.7, which is in concordance with the acidic groups present in the surface of Cdots. 17 As it can be seen from both approaches, a wide linear range can be obtained from pH 3.5 to 10.2 (Fig.  5B) .
BIOIMAGING AND CYTOTOXICITY.
Fluorescence microscopy allowed us to examine the cellular localization of Cdots in HEK293 cells. Interestingly, we found that fluorescent Cdots were adsorbed on the cell membrane of HEK293 cells after a short incubation (24 h) (right panel in Fig. 6a ). Cells showed dot shaped localizations of Cdots (red arrow, Fig. 6A ) throughout cell bodies and did not reveal any impact of the Cdots on the cellular morphology. No evidence of fluorescence was observed in the control sample of untreated cells (data not shown). As shown in Fig. 6B , cell viability was not affected in presence of these concentrations of Cdots, demonstrating that these non-toxic nanoparticles can act as suitable biosensors or bioimaging in living organisms. 
Conclusions
A microfluidic system has been proposed for the automatic synthesis of carbon dots. The system is composed of two separate platforms to increase its versatility, one for heating and control of the temperature, and other for microfluidics. The radial configuration of the heater as well as of the microfluidic pattern, which perfectly matches with the screen-printed resistor, permits a controlled mass and temperature transference. Once the hydrodynamic parameters of the microsystem were optimized, Cdots with proper optical properties were obtained. The narrow size distribution observed in the characterization of the synthesized Cdots demonstrates the reproducibility of the microsystem. Further characterization of the synthesized Cdots showed optical properties as well as their pH dependence, which were used for the development of a pH fluorescent sensor using both UV and NIR excitation sources. Naked eye and photography digital camera detection systems for colorimetric pH detection were implemented using H parameter, obtaining a linear response in a wide range of pH values. Cytotoxicity and permeability studies on cells did not reveal any impact on the cellular morphology. Viability of cells was not affected in presence of diverse concentrations of Cdots, demonstrating their suitability for biosensing or bioimaging applications in the biomedical field.
